penicillin), and anti-cancer drugs (such as aphidicolin and phenylahistin). Fungi and oomycetes grow using pressurised strand-like hyphal cells, bounded by tough cell walls. Cellular turgor requires accumulation of osmolytes, thus requiring that cells be able to take up simple metabolites very rapidly after external digestion of polymers. The rapid accumulation of high concentrations of these osmolytes prevents them being available as public goods for other competitors and allows the formation of pressurised cells. As a property of these robust strand-like cells, fungi, streptomycetes and oomycetes are all capable of networked, fi lamentous (mycelial) growth, so they can feed osmotrophically as they grow, seamlessly invading new substrates and maximising utilisation of threedimensional space and the public goods they generate. Indeed, many aspects of the evolution of these important traits can be best understood in the context of osmotrophy, on which they largely depend.
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The black queen hypothesis: evolution of dependencies through adaptive gene loss. MBio 3, pii: e00036-12. Richards, T.A., and Talbot, N.J. (2013) . Horizontal gene transfer in osmotrophs: playing with public goods. Nat. Rev. Microbiol. 11, 720-727. West, S.A., Diggle, S.P., Buckling, A., Gardner, A., and Griffi n, A.S. (2007 Although we often think of cells as small, simple building blocks of life, in fact they are highly complex and can perform a startling variety of functions. In our bodies, cells are programmed by complex differentiation pathways and are capable of responding to a bewildering range of chemical and physical signals. Free-living singlecelled organisms, such as bacteria or protists, have to cope with varying environments, locate prey and potential mates, and escape from predatorsall of the same tasks that a free-living animal is faced with. When animals face complex behavioral challenges, they rely on their cognitive abilitiesthe ability to learn from experience, to analyse a situation and choose an appropriate course of action. This ability is essential for survival and should, in principle, be a ubiquitous feature of all living things regardless of the complexity of the organism. This primer will explore the evidence that cells can show primitive forms of learning, with a focus on habituation. Most of the literature in this area concerns large, free-living single cells, and this primer will thus focus on the two main cell types in which learning has been most extensively explored: the ciliate Stentor coeruleus and the syncytial slime mold Physarum polycephalum. Our emphasis will be on experimental demonstrations of learning, and we will see that the mechanism of cell learning remains very much an open question.
What is learning?
Learning is an aspect of thought, and hence before we can explore whether cells can learn, we need to confront the question of whether it is appropriate to use cognitive concepts when talking about single cells. The defi nition of thought and cognition has preoccupied philosophers for centuries and continues to do so. Rather than engaging with this debate, the approach we take in this Primer is that a cell is considered to be Primer Current Biology Magazine Current Biology 28, R1171-R1189, October 22, 2018 R1181 'thinking' if it acts like it is thinking: that is, if its behavior can be predicted by invoking a thought-like process. Daniel Dennett referred to this approach as 'the intentional stance', whereby we drop the question of thought and focus on intentionality, and grant an entity intentionality if its behavior can be usefully predicted by assuming it 'knows what it wants to do'. For example, if I know my cat hasn't eaten for a while, and I open a can of food, I can predict its subsequent behavior with 100% accuracy if I view it as an intentional system, whereas if I view it as a huge collection of neurons whose interactions need to be understood on a physical level, current understanding of neurobiology does not allow me to predict what it will do when it hears the can-opener. The intentional stance allows the prediction of behavior in a parsimonious way, and we have therefore chosen this purely operational approach for dealing with animal and cell behavior.
A hallmark of thought, or cognition, is learning, by which the behavior of a system is infl uenced by prior experience. We will say that a cell is able to learn if it is capable of performing one or more observable behaviors, and the probability of performing one behavior versus another changes as a result of past experiences. Many types of learning have been identifi ed and distinguished by experimental psychologists, for example habituation and classical conditioning. In this primer, we will explore what is known about the ability of single cells to manifest learning, defi ned in purely operational terms.
Habituation in cells
The simplest form of learning, observed in essentially all animals in which it has been tested, is habituation. Habituation refers to a decrease in the probability of a response to a stimulus following repeated applications of the stimulus. The classic example of habituation is the gill-withdrawal refl ex of the sea slug. The sea slug's gill is a delicate structure that can be easily damaged by predators. When something touches the siphon, the slug will pull in its gill to keep it safe. But if you touch the siphon again and again, the slug will learn to ignore it. Much the same phenomenon occurs in human beings who live near train tracks -a loud train going by no longer creates a startle response once one 'gets used to it'. Habituation is a type of non-associative learning, meaning it only involves a single type of stimulus. It is considered one of the most primitive and ubiquitous forms of learning. As such, if cells can learn at all, we would expect them to at least show this type of learning.
An unusually clear example of habituation in cells is provided by Stentor coeruleus, a giant ciliate that can be up to 1 mm long that lives in freshwater ponds. Stentor is a coneshaped fi lter feeder that attaches to pond plants by its holdfast and then stretches out as it sucks algae and bacteria in through its oral apparatus. Stentor is so big that fi sh will try to eat it, and so it has evolved an escape mechanism whereby when anything touches the cell, it rapidly contracts into a ball ( Figure 1A ). This movement takes the bulk of the cell body away from the line of attack, providing an effective defense. Once contracted, the cell needs to re-extend in order to feed. This whole process is energetically costly, hence a cell only wants to contract if it is really under attack. The problem is that a pond can be full of algae and other non-threatening objects that might casually bump into Stentor.
How can Stentor tell a true threat from a routine contact with a nearby plant, for example? The answer is habituation -when a Stentor cell is touched repeatedly with a constant level of force, for example if it is bumped again and again by an algal fi lament, it becomes less and less likely to contract ( Figure 1B ). This decreasing probability of response is the hallmark of habituation. A strong stimulus still triggers a full-speed contraction, arguing that the cell isn't just getting tired ('motor fatigue'). Careful quantitative studies by Wood have shown that Stentor contraction displays many features of habituation seen in animals, most notably the fact that habituation takes place more rapidly for weaker stimuli than for strong stimuli. Once habituated, a Stentor cell retains its memory for at least several hours, but the biochemical basis of this memory remains unknown.
A related species of Stentor, Stentor roeselii, has a more complex series of avoidance behavior in response to chemical stimuli such as carmine particles or mechanical poking, which have been extensively studied by Jennings (1902) . In the fi rst stage, the cell twists and bends, in an apparently random direction, with the effect that the oral region is often steered away from the stimulus. In the second stage, (A) Stentor cells stretch out into a cone shape to feed, using the cilia of their oral apparatus, at the end of the cone, to suck in food. While feeding, the cell is attached by its posterior holdfast to a substrate such as the leaf of a pond plant. When startled by a mechanical stimulation, the cell rapidly contracts towards its point of attachment, moving it away from a potential threat. (B) When a Stentor cell is tapped periodically with a uniform mechanical stimulus, it becomes less and less likely to contract, indicating that habituation has taken place. (Redrawn from Wood (1970) .)
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if the stimulus persists, the cell switches from the bending response to a new response in which the direction of ciliary beating is transiently reversed, so as to blow away anything near the oral region. This reversal of beating occurs several times if the stimulus remains present. In the third stage, if stimulation continues, the cell contracts, just like Stentor coeruleus does. This sequence of three stages of responses is interesting as it speaks to the ability of a single cell to generate a nontrivial sequential behavior, suggesting that the cell can transition between at least three distinct behavioral states. What happens to these three responses if the stimulus is repeated? According to Jennings, the outcome differs between harmless mechanical stimuli and noxious chemical stimuli. For mechanical contact with a suffi ciently small magnitude, the contraction response habituates, as in Stentor coeruleus, but the bending response does not, so that when touched lightly the cell continues to try to bend away, but does not contract. For toxic chemical stimuli, if the stimulus is repeated again and again, the cell stops the bending response and immediately triggers the contraction. In this case, it appears that the bending response has habituated and the contraction response has sensitized. This switching between behavioral modes in response to repeated application of different types of stimuli suggests a level of complex decision making that is normally associated with nervous systems, but it is important to remember that Stentor roeselii is still just a single cell! Habituation has also been demonstrated in the giant amoeba Physarum. A Physarum cell is a syncytium that can grow to the size of a dinner plate. Physarum moves over a surface in search of food, for example fl akes of oatmeal. Physarum is repelled by quinine, and will tend not to move through regions of a Petri dish soaked in quinine. If a Physarum cell is separated from a food source by a strip of quinine-soaked agar, however, it will eventually take the chance and move across (Figure 2 ). If this experiment is repeated day after day, it is observed that the Physarum cell becomes increasingly likely to move across the quinine-soaked agar. This again refl ects a type of habituation in that the cell has 'learned' to ignore the chemically noxious region.
Habituation is specifi c to the particular stimulus -if quinine-trained Physarum are moved to a new situation in which the agar bridge is soaked in caffeine, another noxious chemical, the habituated cell does not show any tendency to cross the caffeine bridge. The converse result is seen in cells habituated to cross a caffeine bridgethey learn to ignore the caffeine but still avoid quinine. This stimulusspecifi city is important because it suggests that the habituation does not represent inactivation or exhaustion of a generalized avoidance response.
What makes the Physarum case even more remarkable is the fact that learning can be transferred by cell-cell fusion. Physarum cells will spontaneously fuse in culture, and when a habituated cell is fused to a fresh, untrained cell, it can confer the habituated memory to the resulting larger fused cell. It was observed that the pseudopod fi rst crossing the aversive region was just as likely to come from the originally unhabituated cell as from the habituated one, suggesting that the 'memory' had spread throughout the fused cell. Such experiments suggest that the basis for the memory might lie in a diffusible molecule of some sort as opposed to, for example, a membrane-bound receptor, but ultimately this question depends on the relative timescales of memory transfer versus molecular diffusion.
It is worth noting that in these experiments, the cell was 'rewarded' with food for crossing the noxious patch, thus raising the formal possibility that the learning seen was actually a form of associative learning in which the cell learned to interpret the noxious chemical as signaling the presence of food. But there is no evidence for this and it seems that habituation is a far more parsimonious interpretation.
Other forms of non-associative learning
Another type of learning observed in single cells is analogous to the 'runway' learning paradigm in animals. In a runway experiment, an animal is placed at one end of a long hallway and has to run to the other end either to escape from the runway or to obtain a food The amoeba starts out on an agar petri dish in which one part of the plate contains a source of food (symbolized by the yellow oval to represent an oat fl ake, although in the actual experiment the oats were blended with agar and poured into the plate). As shown on the left, the cell was initially placed in a region of the dish separated from the food by a sector of agar containing a noxious chemical such as quinine or caffeine, symbolized by the gray rectangle. Physarum tends not to enter such regions, but eventually will do so, after which it fi nds the food patch and migrates to that part of the plate. If the cell is then taken off the dish and the entire experiment repeated, it will gradually take less time to move across the noxious patch and fi nd the food. Current Biology 28, R1171-R1189, October 22, 2018 R1183 reward. Learning in a runway model is measured by how fast the animal gets to the end after the experiment is repeated multiple times. A unicellular version of the runway experiment was done with Stentor by placing single Stentor cells in a capillary tube and timing how long it takes the cells to escape from the tube. It has been reported that cells can escape from the tube more quickly following repeated training than cells that were placed in the tube for the fi rst time.
This type of escape learning is not restricted to Stentor but has also been reported in Paramecium. Subsequent studies showed the escape response, at least for Stentor, only becomes faster if the tube is vertically oriented. This would certainly constitute a form of learning, but here the big question is relevance -when does a cell need to escape from a vertically oriented tube? Such questions point to a need for further studies of protist behavior in their natural habitat in order to be able to interpret some of these laboratory experiments.
A fi nal example of non-associative learning by single cells is the demonstration that Physarum can anticipate periodic stimuli. The speed of movement of a Physarum amoeba varies as a function of environmental conditions, with warm moist conditions favoring movement compared with cold dry conditions. When a moving cell is suddenly exposed to colder, drier air, it slows down, and then speeds up again when the previous warm moist air is restored. When Physarum cells were exposed to periodic bouts of cold dry air once per hour, the cells slowed down during each cold pulse, and then sped up again after normal conditions were restored. After three rounds, the cells were then kept at constant warm, moist conditions. Despite the fact that conditions were no longer varying, almost half of all cells slowed down again one hour after the last exposure, and some showed a second or even a third slowdown at regular intervals of an hour. The same effect was obtained using different periods of stimulation, again producing one or more slowdown events at regular intervals corresponding to the interval of the stimulation.
These results show that a single cell can learn and anticipate when a stimulus is expected based on periodic exposures. It is worth noting that this behavior differs from the circadian cycle not only in its much shorter period but more importantly in the fact that cell movement was not periodic prior to the stimulation, so it isn't simply that the period stimulation entrains a freerunning cellular oscillator. Somehow, the cell is remembering a period, and then using that memory to control its future behavior. This fi ts the defi nition of learning as the alteration of future decisions based on past experience.
Associative learning by cells
Habituation is a type of learning, but it only relates to a single stimulus. More advanced types of learning are associative in nature, meaning that they involve the linkage of two or more stimuli. The best known example is 'classical conditioning' as exemplifi ed by Pavlov's dogs. Classical conditioning involves a behavior or response, such as salivation in dogs, and two stimuli, one of which (the smell of food) naturally creates a given response, and the other of which (hearing a bell) normally does not. By repeated application of both stimuli together, an animal will, over time, generate the response in the presence of the conditioned stimulus. Classical conditioning shows that an animal can learn to relate two stimuli to each other, hence the name associative learning.
Classical conditioning has been reported in the ciliate Paramecium. Paramecium cells swim using an array of cilia, and can reverse the direction of the ciliary motion to escape from harmful stimuli such as electrical shocks. Sound waves such as musical tones generated by a speaker do not normally generate the escape response. lt has been reported that, when Paramecium cells were exposed to electric shock immediately following a 500 Hz tone, after three or more application training cycles, the cells would begin to trigger their escape movement in response to the tone alone. This striking result, published in 1972, does not seem to have been further explored.
Beyond protists
Most studies of learning in cells have been conducted in free-living singlecelled organisms (protists), primarily for the reason that the large size and dramatic behaviors of such cells lend themselves to observational studies of learning. Compared with mammalian cells in culture, the rapid responses of protists to stimuli make experiments much easier and allow short-term learning effects to be analysed. Moreover, protists must survive in a highly variable world full of predators and prey, a far more complex and unpredictable environment than the well-regulated milieu of the body. To do so, they will need to be able to sense and respond to a wide range of stimuli and inputs, and adapt to widely varying local conditions. It is thus not surprising that protists would be under evolutionary pressure to learn and adapt. But what about in metazoans? Is learning a general property of all cells, even in a multicellular context?
Animal behavior and learning is driven by the nervous system, a large and complex array of cells that communicate with each other. Nervous systems, as their name implies, are inherently multicellular objects. If one drills down deep enough, however, we fi nd that in many cases it is still individual cells that are doing the actual learning. The classical paradigm for memory, long-term potentiation (LTP), takes place in individual cells. The best studied example of animal habituation, the gill withdrawal refl ect of Aplysia, can ultimately be traced back to changes in the response characteristics of individual neurons. There is thus a case to be made that even in a highly connected nervous system, learning is taking place in individual cells. Besides the nervous system, the other obvious place to look for learning is in the immune system. An experiment to look for classical conditioning in macrophages exploited the fact that bacterial lipopolysaccharide (LPS), an indicator of bacterial infection, triggers the release of interleukin 6 (IL-6). Macrophages in culture were treated periodically with LPS along with streptomycin, a chemical that normally does not trigger IL-6 release, and then the ability of streptomycin to trigger IL-6 release by itself was tested.
In these experiments, no evidence for associative learning was found. It has, however, been shown that macrophages show habituation to LPS, so even though associative learning has R1184 Current Biology 28, R1171-R1189, October 22, 2018 © 2018 Elsevier Ltd. not been seen, clearly non-associative learning, in the form of habituation, occurs within immune cells.
How do cells learn?
The experimental observations of learning in cells raises the obvious question of mechanism. In a computer, the substrate of computation is a logic gate, while in a multicellular brain, the substrate of computation is the neuron, but what about inside a single cell? Many proteins are regulated by multiple inputs, allowing them to act as logic gates. This is also true for promoters that are controlled by multiple activators and repressors. The complexity of signaling networks within a cell is staggering, and it is fair to say that we are still coming to grips with the computational capacity of such networks. Gene networks can emulate both logic gates and computational neural networks, and hence can, at least in principle, produce a very wide range of computations and learning abilities. For example, theoretical studies have revealed gene regulatory networks that are capable of associative learning.
A major challenge is how to bridge the gap in scales between molecular implementations of logic gates on the one hand and behavior of whole cells on the other. One strategy is to apply molecular genetic methods to cells as they learn and behave, with the goal of identifying genes required for a particular form of learning or behavior. The other strategy is to identify computationally interesting molecular networks and fi nd out how they are used in the context of cell behavior. In computer science, the same problem of a gap in scales exists in that it is almost impossible to jump from a gate-level description of a computer to an understanding of the computation it is performing. The solution has been to interpose additional levels of description. For example, in many cases, a computation can be described in abstract terms such as a fi nite state machine, in which the computer is represented as a set of possible states and rules for transitioning between them.
This same paradigm can be applied to cells, provided we have ways to classify cell states. Traditional molecular descriptors of cell state, such as RNA sequencing, are inherently destructive, meaning that it isn't possible to determine the state of a cell without killing it, thus preventing us from directly observing state transitions. However, microscopybased methods for inferring cell state are now becoming available, allowing state transitions to be recorded. It will be of great interest to see how such approaches can inform our understanding of learning and problem solving in cells.
